The properties and associated practical applications of diamond films are significantly modified by their surface structure and composition. 1 The characterization of diamond grain size ͑especially in nanometric scale͒ requires the use of quite complicated transmission electron microscopy usually combined with x-ray diffraction analysis. 2 The quest of additional complementary techniques providing information about the grain size, grain boundaries, and film surface is of high importance.
In the present letter, we apply high resolution electron energy loss spectroscopy ͑HR-EELS͒ to study the hydrogen bonding configuration on nanodiamond film surfaces. Hydrogen is the key component of the gas mixture usually used for diamond nucleation and growth by chemical vapor deposition ͑CVD͒ methods. In our recent works, we applied secondary ion mass spectroscopy and Raman spectroscopy to correlate the retention of hydrogen atoms in the films with diamond grain size. 3, 4 In addition, the assignment of different HR-EELS peaks of hydrogenated diamond surface was done based on gas mixture isotopic exchange. 5 In this letter, we present HR-EELS studies of submicro-and nanocrystalline diamond films consisting of ϳ300 and 10-30 nm grain sizes at the film's surfaces.
The nanocrystalline diamond film was deposited by microwave ͑MW͒ CVD at a frequency of 2.45 GHz using a microwave power of 1200 W and total gas pressure of 200 Torr onto a Si substrate at 800°C. 6 Prior to deposition, the silicon substrate was seeded mechanically in solution with diamond powder. The gas mixture composition was 1.4% CH 4 , 1% H 2 , and 97.6% Ar ͑growth rate 2.7 m/h͒, resulting in a grain size in the 10-30 nm range. 6 The microcrystalline film was grown by hot filament ͑HF͒ CVD using a methane/hydrogen ratio of 1 / 99, pressure of 50 Torr, and filament ͑Re͒ temperature 2000°C onto a Si substrate at 800°C with a primary nucleation density of ϳ5 ϫ 10 10 particle/ cm 2 . After 1 h of deposition, the average grain size at the film's surface was 300 nm. 7 The HR-EELS chamber is equipped with a Delta 0.5 spectrometer ͑VSI-SPECS͒ consisting of a double monochromator and a single analyzer housed in an ultrahigh vacuum system with base pressure of ϳ8 ϫ 10 −10 Torr. 5 All spectra were recorded at room temperature in the specular geometry with an incident angle of 55°from the surface normal, incident energy of 5 eV, and full width at half maximum of 5 -8 meV, up to loss energies of 800 meV. Figure 1 shows the HR-EELS of the microcrystalline diamond film as a function of annealing temperature. The shape of the spectrum ͓Fig. 1͑a͔͒ is dominated by five main peaks positioned at 155, 300, ϳ360, 450, and ϳ510 meV ͑1 meV= 8.066 cm −1 ͒. These modes were extensively investigated in our previous work 5 and here, we give a short description of these peaks for convenience. Mode 1 at ϳ155 meV is a superposition of a C-C stretch and a C-H bending vibration ͑the latter shifts to 108 meV upon replacement of H by D͒. Modes 2 and 4 ͑300 and 450 meV energy loss͒ are pure C-C vibrations, most likely the first and second overtones of the diamond optical phonon positioned at 150 meV. 5 Peak 3 ͑359 meV energy loss͒ is attributed to C-H stretching mode and will be discussed in detail below. Peak 5 at ϳ510 mV is a coupled C-H stretch mode positioned at ϳ360 and ϳ155 meV bands. As may be seen in Fig. 1͑a͒ , the general shape of the spectra is nearly unaffected up to annealing to 800°C, while annealing to 1000°C results in elimination of hydrogen associated features ͑360 and 510 meV peaks͒ and a new peak appears near 90 meV. This mode was associated with C v C dimer positioned on bare hydrogen surface. 8 The detailed peak fitting procedure of the C-H stretching HR-EELS mode ͓Fig. 1͑b͔͒ reveals at least three different contributions at ϳ350, ϳ360, and ϳ375 meV. The first two are most likely associated with diamond ͑111͒ and ͑100͒ surfaces, 9 while the last one may be attributed to sp 2 hybridized carbon ͑symmetric olefinic or aromatic sp 2 CH stretch͒. 10, 11 Upon annealing to 800°C, the maximum peak position is slightly shifted to smaller loss energies ͑from 359 to 357 meV͒, while the sp 2 associated mode at ϳ375 meV is still prominent. Based on the peak fitting procedure, the ratio of 375 meV mode area to the total C-H stretching area is 0.255 ͑in the case of 800°C annealing͒. According to thermal stability studies of different kinds of hydrogenated carbon matrixes, [12] [13] [14] [15] [16] annealing to a temperature of ϳ600°C results in desorption of hydrogen atoms alongside with hydrocarbon species independently of the method used for amorphous carbon film preparation. This allows us to attribute the ϳ375 meV HR-EELS mode to hydrogen bonded to sp 2 hybridized carbon positioned at diamond grain surface and boundary, which may be stable up to these high temperatures. This suggestion may be confirmed by HR-EELS studies of the nanodiamond film discussed below.
Figures 2͑a͒-2͑c͒ show the HR-EEL spectra of the nanodiamond film ͑grain size of 10-30 nm͒. Detailed analysis of C-H stretching mode is shown in Figs. 2͑d͒-2͑f͒. Figure 2͑a͒ corresponds to the as-deposited sample followed by in situ annealing to 520°C. It is dominated by mixed C-C stretching and C-H bending mode at 155 meV, the overtones of diamond optical phonon at 300 and 450 meV, C-H stretching vibration at 360-375 meV, and mixed C-H associated mode at ϳ515 meV. Note the strong splitting of the C-H stretching mode in this spectrum: the two maxima are positioned at ϳ360 and ϳ375 meV, reflecting hydrogen bonding to sp 3 and sp 2 carbon correspondingly ͓Fig. 2͑d͔͒. Subsequent annealing to 800°C does not change the general shape of the spectrum ͓Fig. 2͑b͔͒, while the relative intensity of two different C-H stretching modes is somewhat changed ͓Fig. 2͑e͔͒. This change may be associated with thermal induced desorption of hydrocarbon species as well as to sp 2 → sp 3 carbon transformation. 13 Based on the peak fitting procedure, the ratio of 375 meV mode area to the total C-H stretching area is 0.431 ͓Fig. 2͑e͔͒.
The as-deposited nanodiamond film was exposed ex situ to MW activated hydrogen plasma ͑MW-H͒ for 10 min. This treatment is known to increase the surface smoothing 17 alongside with preferential etching of sp 2 carbon. The HR-EEL spectrum of ex situ MW-H treated and in situ annealed to 500°C nanodiamond sample is shown in Fig. 2͑c͒ . The splitting of C-H stretching vibrations disappears and now, this mode is centered at 360 meV ͓Fig. 2͑f͔͒ and the 375 meV mode's intensity is strongly reduced. Exposure to MW activated hydrogen results in preferential etching of sp 2 hybridized carbon resulting in a relative increase of the sp 3 hybridized carbon on the film's surface. Now, we compare the HR-EELS analysis of as-deposited MW CVD nanodiamond ͑Fig. 2͒ with previously discussed as-deposited HF CVD submicron crystalline samples ͑Fig. 1͒. As can be seen in Fig. 1͑b͒ , the HR-EEL spectrum of as-deposited HF CVD films with ϳ300 nm grains also display contributions at ϳ350, ϳ360, and ϳ375 meV within 
FIG. 2. HR-EEL spectra of MW CVD deposited nanodiamond films with
10-30 nm grain size. ͑a͒ As-deposited sample in situ annealed to 520°C. ͑b͒ As-deposited sample followed subsequent in situ annealing to 800°C. ͑c͒ As-deposited sample followed ex situ MW hydrogenation for 10 min and consequent in situ annealing to 500°C. ͓͑d͒-͑f͔͒ Detailed analysis of HR-EELS C-H stretching mode ͓data originated from spectra ͑a͒-͑c͒ correspondingly͔. Note the splitting of C-H stretching mode of as-deposited nanodiamond sample due to strong contribution of 375 meV mode. The last mode disappears following ex situ MW-H treatment ͓spectra ͑c͒ and ͑f͔͒.
the C-H stretching modes which are stable up to 800°C. Obviously, the ratio of grain boundaries in the case of nanodiamond films ͑10-30 nm grains͒ exceeds that of submicron crystallites ͑ϳ300 nm grains͒. Since the contribution of the ϳ375 meV mode is much more prominent in the case of nanometric grains, this mode may be associated with hydrogen bonded to sp 2 the hybridized carbon positioned on the surface and grain boundary of the nanodiamond film. This is a very exciting feature. In our studies of hydrogen adsorption on ion irradiated diamond surfaces, 18 we concluded that nearly all kinds of hydrogenated carbon decompose near ϳ600°C. This is in complete agreement with the other studies of thermal stability of diamondlike carbon which undergoes erosion/destabilization at temperature about 600°C independently of deposition process. [12] [13] [14] [15] [16] The present results show that sp 2 hybridized carbon is stable up to temperatures above 800°C. This finding allows one to distinguish the hydrogenated sp 2 hybridized carbon bonded to diamond grains from chemisorbed ͑or physisorbed͒ molecules on polycrystalline diamond surface by simple annealing procedure.
It is very interesting to note at this stage the possible correlation between the ϳ375 meV HR-EELS mode and the well-known Raman 1140 cm −1 peak of nanodiamond. It was shown in the works of many authors, [19] [20] [21] including us, 4 that the 1140 cm −1 Raman peak is attributed to C-H bending mode of sp 2 carbon and positioned most likely in the diamond grain boundary. Both peaks ͑Raman 1140 cm −1 and HR-EELS ϳ375 meV mode͒ are attributed to ͑sp 2 ͒-carbon-hydrogen vibration. Both peaks are stable up to elevated temperatures 22 where hydrogen bonded to amorphous carbon undergoes desorption. Both peaks are strongly enhanced in the case of nanodiamond grains. 23 Therefore, our results strongly suggest that the ϳ375 meV mode can be attributed to the stretching of the same C-H vibration, which contributes to the 1140 cm −1 Raman peak ͑currently attributed to 1 mode of t-PA; the bending of sp 2 -C-H͒. Both peaks may serve as indication of nanocrystalline character of diamond films. However, due to different probing depths of Raman and HR-EEL spectroscopies ͑tens or hundreds of nanometers in the case of Raman and 1 -2 nm in the case of HR-EELS͒ quantitative comparison of these two peaks is impossible. It should be stressed that this assignment of the 375 meV peak is circumstantial; a computational study of this mode is in progress in our laboratory.
We conclude, therefore, that hydrogen bonding to surfaces and grain boundaries of nanodiamond films display a clear contribution to the HR-EELS at 375 meV which differs from bonding to the microcrystalline diamond surfaces whose main contribution is centered around 360 meV. The ϳ375 meV mode is stable up to elevated temperatures of ϳ800°C where all kinds of hydrogenated amorphous carbon are decomposed. The intensity of this mode is drastically decreased following ex situ treatment in MW activated hydrogen plasma, most likely due to preferential etching of sp
